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Large area Micromegas (MM) detectors will be employed for the Muon Spectrometer upgrade of the
ATLAS experiment at the LHC. A total surface of about 150 m2of the forward regions of the Muon
Spectrometer will be equipped with 8 layers of MM modules. Each module covers a surface area of
approximately 2–3 m2 for a total active area of 1200 m2. Together with the small-strips Thin Gap
Chambers, they will compose the two New Small Wheels, which will replace the innermost stations of
the ATLAS Endcap Muon tracking system in the planned 2018/2019 shutdown. This upgrade will
maintain a low pT threshold for single muons and provide excellent tracking capabilities for the HL-LHC
phase. The New Small Wheel (NSW) project requires fully efﬁcient MM chambers with spatial resolution
down to 100 μm, at rate capability up to about 15 kHz/cm2 and operation in a moderate (highly inho-
mogeneous) magnetic ﬁeld up to B¼0.3 T. The required tracking capability is provided by the intrinsic
spatial resolution combined with a challenging mechanical precision. The design, recent progress in the
construction and results from the substantial R& D phase (with a focus on novel technical solutions) is
presented. In the R& D phase, small and medium size single layer prototypes have been built, along with,
more recently, the ﬁrst two MM quadruplets in a conﬁguration very close to the ﬁnal one chosen for the
NSW. Several tests have been performed on these prototypes at a high-energy test-beam at CERN, to
demonstrate that the achieved performances fulﬁl the requirements. Recent tests applying various
conﬁguration and operating conditions are presented.
& 2015 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
After the long shutdown, in 2018/2019 the Large Hadron Col-
lider [1] instantaneous luminosity will be increased to 23
1034 cm2 s1 and eventually will reach up to 7 1034 cm2 s1
after the long shutdown in 2023, exceeding the design value of
1 1034 cm2 s1 and considerably extending the physics pro-
gram at LHC.
In order to take advantage of the improved LHC operation the
ATLAS detector [2], and in particular the forward region of the
Muon Spectrometer, must be upgraded to have better perfor-
mance at the expected high luminosity. The innermost station of
the high rapidity region (Small Wheel – SW ) will be replaced by a
new system (New Small Wheel – NSW) [3]. Micromegas (MM) [4]
detectors have been chosen as the main tracking chambers and, at
the same time, will also contribute to the trigger, which will be
provided mainly by the small-strip Thin Gap Chambers (sTGC)
The detector will be composed of eight active layers covering a
total area of 1200 m2. It is subdivided into 128 modules each withB.V. This is an open access articlefour active layers (quadruplets) with strip-shaped readout elec-
trodes. In Fig. 1 an overview of the New Small Wheel is reported.2. The Micromegas chambers
The Micromegas (Micro Mesh Gaseous Structure) MM tech-
nology was developed in the middle of the 1990s; the detectors
consist of parallel-plate where the ampliﬁcation takes place in a
thin gap, separated from the conversion region by a ﬁne metallic
mesh. In Fig. 2, a schematic view of the Micromegas detectors
including the baseline parameters of the ATLAS-NSW chambers,
and its operating principle is shown. The MM operation is based
on the ionization of the gas by charged particles traversing the
drift space where an electric ﬁeld of few hundred V/cm is applied.
The electrons, produced by the ionization, drift towards the mesh
and the ampliﬁcation region, where the signal is created by means
of an electric ﬁeld of about 40–50 kV/cm; the mesh is kept in
position by a grid of 128 μm high pillars built on the readout
board. The drift time of the electrons in the conversion gap
depends on the drift gas, the drift distance and the drift ﬁeld and
typically takes several tens of nanoseconds (about 100 ns in theunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Fig. 1. View of the two sides of the NSW where the feet of the mechanical structure are also visible as well as the Micromegas chambers segmentation. Four types of
chambers will be built: SM1 and SM2 are the two “small” chambers while LM1 and LM2 are the “Large” chambers.
Fig. 2. Schematic view of Micromegas detector. The values of high voltages and
dimensions correspond to those chosen for the ATLAS NSW project.
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process a fraction of a nanosecond is required. As a consequence, a
fast pulse of electrons on the readout strips is produced.Fig. 3. Construction schema for the ATLAS Micromegas detector.3. Layout and construction of Micromegas for the New Small
Wheel
The realization of the ATLAS NSW requires the production of
large size MM with a surface of about 3 m2. The design and the
construction procedures for the NSW Micromegas are the result of
detailed studies for each single element which comprises the
chamber with extensive prototyping and tests, in comparison with
(and with the support of) mechanical simulation models. The
detectors have trapezoidal shape and are arranged in quadruplets
in order to provide four independent points, the readout planes
are disposed in a “back-to-back” conﬁguration onto two stiffening
panels with an aluminum honeycomb internal structure. Two
readout planes are equipped with strips parallel to the bases of the
trapezoid for the measurement of the precision coordinate while
on the other two the strips are alternatively inclined by 71:51 to
provide the second coordinate.
In order to build large area MM detectors, the ampliﬁcation
mesh has been separated by the readout panel and integrated on
the drift panel. This is an important difference with respect to the
previous technique, the so-called “bulk” technology in which themesh was built together with the readout plane. The mesh
decoupling from the readout structure presents several advan-
tages for the construction of large-area detectors:
 the chamber size is limited only by the mesh fabrication size
and stretching machines and not to the size of the
individual PCBs;
 it facilitates detector opening and cleaning;
 it separates PCB production from mechanical construction.
In Fig. 3 the construction schema adopted for the ATLAS Micro-
megas chambers is shown.
In 2013 two large working prototypes with the dimensions of
1 2:4 m2 and a single readout layer have been built at CERN
laboratories in order to prove the ability to construct large size
MM with the adequate mechanical precision [5]. For the ATLAS
MM detectors, a spark protection system has been developed
adding a layer of resistive strips on top of a thin insulator directly
above the readout electrode, in such a way the MM become spark-
insensitive [7]. The signals are capacitively coupled to the readout
electrode which is not anymore directly exposed to the charge
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optimization, the High-Voltage (HV) schema has been revised and
improved. In the beginning, the drift electrode and the ampliﬁ-
cation mesh were at negative HV potentials while the readout
electrode was at ground potential, in the new schema instead of
applying negative HV on the mesh and keeping the resistive strips
at ground potential, as usually done for MM, the mesh has been
grounded and positive HV was applied to the resistive strips, this
allowing also to have ﬁne HV segmentation on the same
readout board.
3.1. The Micromegas chamber for the ATLAS Small Wheel (MMSW)
A step forward in the prototyping toward the ﬁnal conﬁgura-
tion has been done in the spring 2014, with the construction of the
ﬁrst MM quadruplet [8] with dimension about 1 0:5 m2, and as
all the expected ATLAS chambers, with trapezoidal shape; the so-
called Micromegas Small Wheel (MMSW). All the relevant
improvements, developed in the past years in the Micromegas
construction, have been used to construct the MMSW chamber
(resistive-strip technology, mechanical ﬂoating mesh, reversed
high voltage schema). The mechanical coupling of the drift and
readout panels was carried out in a clean room to prevent the
deposition of impurities within the gas volumes. The readout
panels are segmented into strips with pitch of 415 μm where 128
μm high support pillars are located. Each plane comprises 1024
readout strips, for a total of 4096 readout channels in the quad-
ruplet. In two of the four planes, the strips are inclined of 71:51
with respect to the main view (precision coordinate) to provide a
second coordinate.
The readout and drift panels are built using 500 μm thick
printed-circuit boards (PCB), glued on 10 mm stiff honeycomb foil.
The resistive strips are deposited on a 50 μm polyimide kapton foil
using the sputtering technique [6].Fig. 5. Distribution of the difference between charge weighted cluster centroids
reconstructed by two T chambers for perpendicular tracks.4. Micromegas performances with high energy particle beams
In order to demonstrate the performance characteristics of the
MM technology and also to optimize the design and operational
characteristics of the detector, several prototypes have been tested
with high energy particle beams. The studies included testing of
chambers of various sizes with different characteristics in different
beam environments. The results presented here correspond to
chambers operated with Ar=CO2 93=7% gas mixture, the drift
plane was set to 300 V while the resistive strips were set atFig. 4. The Micromegas prototype for the Small Wheel, MMSW.different values (from 500 to 600 V) according to the performed
studies and the chamber type. The data acquisition was based on
the so-called scalable read-out system (SRS) [9] developed at CERN
by RD51 collaboration [10]. The detector readout was done
through the APV25 readout chip [11] and FrontEndConcentrator
(FEC) cards to digitize the analog data. The APV25 will not be used
in the NSW; a new front-end ASIC providing the trigger and
tracking primitives for both the MM and sTGC of the NSW, VMM
[12] is under development. The studies of the chamber perfor-
mance are based on the properties of the reconstructed clusters. A
cluster is a group of ﬁred strips with charge above a given
threshold. The algorithm for clustering is initiated with a scan over
all strips in the detector. A strip is selected if it contains a signal
with a pulse-height that passes a predeﬁned threshold. Neigh-
boring selected strips are merged into a cluster and the clustering
continues also if one strip fails the selection (Fig 4).
The position of each cluster is evaluated with two com-
plementary methods:Fig. 6. Angular distributions reconstructed with a single view and single layer
prototype MM chamber with the μTPC method for inclined track of 301.
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strips centroid weighted by the signal amplitude of each strip
which belongs to a cluster;
 μTPC method: the constant drift velocity of the electrons in the
drift gap for a given drift electric ﬁeld is used, together with
time information, to calculate the position of the primary
electrons in the gas volume and then reconstruct a track-
segment of the incident particle.
The spatial resolution for 10 10 cm chamber prototypes, with a
strip pitch of 400 μm, was estimated by the difference of the
cluster position measurements of pairs of MM chambers, as shown
in Fig 5. This method is possible since the beam angular spread
gives a negligible contribution to this difference. The standard
deviation from the Gaussian ﬁt is divided by
ﬃﬃﬃ
2
p
assuming the
same resolution for the two chambers, which are installed in back-
to-back conﬁguration during the test. For impact angles greater
than 101, the resolution obtained with the centroid methodFig. 7. Micromegas spatial resolution summary as a function of the track angle. For
small angles centroid and mTPC reconstruction gives comparable performance. A
combination algorithm has been developed based on a weighted average between
the positions obtained with the two methods. (For interpretation of the references
to color in this ﬁgure caption, the reader is referred to the web version of this
paper.)
Fig. 8. Spatial resolution for the ﬁrrapidly degrades and the method is no longer able to provide
the resolutions required for reconstruction in new small wheel.
Measuring the arrival time of the ionized electrons with a time
resolution of a few nanoseconds allows for a reconstruction of the
position of the ionization process, the previously described μTPC
method. This method has been successfully applied to test-beam
data. Recent developments of the algorithms have improved the
performance of the method allowing to corrected the results for
the capacitive induction of the signal on neighboring strips. This
effect, particularly evident on the ﬁrst and last strip of recon-
structed cluster, introduces a bias in the reconstructed angle by
the MM chambers using the μTPC method. With such a correction,
the use of the μTPC method alone guarantees a resolution of
100 μm, or better, in the full angular interval of the NSW (8°–32°).
In Fig. 6 the angular distributions reconstructed with a single view
and single layer prototype MM chamber with the μTPC method for
inclined track of 301 are shown, while in Fig. 7 the spatial reso-
lution using the charge centroid method (blue triangles), the μTPC
method (full red circles) and the combination of the two (black
open circles), as a function of the particle incident angle, is shown.
The MMSW performances have been studied in two different
test beam campaigns at the Proton Synchrotron (PS) at CERN in
summer 2014, using PS T9/T10 lines which provide respectively 9/
6 GeV/c pion–proton beam with a particle rate of 20 kHz. Small
size (10 10 cm2) prototype chambers with strip pitch of 250 μm
and two readout views have been placed in front and behind the
MMSW chamber and used as reference chambers to reconstruct
the tracks of the incoming particles. As for the test on the other
prototype, the chamber was operated with 93=7%, Ar=CO2 gas
mixture and readout with the APV25 front-end electronics
through the SRS DAQ system. In order to evaluate the spatial
resolution of the precision coordinate for perpendicular tracks, the
difference between the cluster centroid measurements of the two
precision MMSW layers was measured. The standard deviation
from the Gaussian ﬁt is divided by
ﬃﬃﬃ
2
p
assuming the same reso-
lution for the two layers. To extract the spatial resolution of the
second coordinate, the difference between the 2nd coordinate hit,
reconstructed using the stereo readout 3 and 4 layers of MMSW,
with a 2nd coordinate hit reconstructed in one reference chamber
at a distance 20 cm from the ﬁrst plane of the MMSW has been
evaluated. In Fig. 8 the spatial resolution for the ﬁrst and the
second MMSW coordinate, obtained as described above, is shown.st and second MMSW coordinate.
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The Micromegas technology has evolved signiﬁcantly over the
last years; design and construction methods have been reﬁned and
tested to achieve the ATLAS Muon Spectrometer requirements. It is
the ﬁrst time Micromegas detectors will be used on a very large
scale to build large area chambers in a particle physics experiment.
An extremely broad performance analysis program is ongoing
since 2008 in order to fully characterize the Micromegas cham-
bers, using small and large prototypes. The ﬁrst MM quadruplet
prototype built following the layout principle of the ATLAS NSW
MM project has been produced in the summer of 2014, the so-
called MMSW prototype. The ﬁrst tests done with perpendicular
tracks show good performance fulﬁlling ATLAS requirements.Acknowledgments
We would like to thank R. de Oliveira, the CERN PCB workshop
and the CERN GDD Laboratory for the support in the Micromegas
chamber development and testing.References
[1] LHC Collaboration, Journal of Instrumentation 3 (2008) S08001.
[2] ATLAS Collaboration, Journal of Instrumentation 3 (2008) S08003.
[3] ATLAS Collaboration, ATLAS New Small Wheel TDR, CERN-LHCC-2013-006
ATLAS-TDR-020-2013.
[4] Y. Giomataris, P. Rebourgeard, J.P. Robert, G. Charpak, Nuclear Instruments and
Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors
and Associated Equipment 376 (1996) 29.
[5] M. Bianco, Development of Large Size Micromegas Detectors for the Upgrade
of the ATLAS Experiments, PoS (EPS-HEP 2013) 488.
[6] A. Ochi et al., Carbon sputtering technology for MPDG detector, PoS (TIPP2014)
351.
[7] T. Alexopoulos, et al., Nuclear Instruments and Methods in Physics Research
Section A: Accelerators, Spectrometers, Detectors and Associated Equipment
640 (2011) 110.
[8] M. Bianco, P. Iengo et al., Construction of large size four plane micromegas
detector, PoS (TIPP2014) 058.
[9] S. Martoiu, H. Muller, A. Tarazona, J. Toledo, Journal of Instrumentation 8
(2013) C03015.
[10] M. Titov, R. Ropelewski, Modern Physics Letters A 28 (2013) 1340022.
[11] M. Raymond, et al., The APV25 0.25 mm CMOS readout chip for the CMS
tracker, in: IEEE Nuclear Science Symposium Conference Record, vol. 2, 2000,
9/113.
[12] G. De Geronimo, et al., IEEE Transactions on Nuclear Science NS-60 (2013) 3.
